INTRODUCTION
Congenital heart disease (CHD) is the commonest developmental malformation and is a common cause of death in the first year of life (1) . Septation defects represent about half of all CHD and may be associated with monogenic disorders (including both isolated cardiac phenotypes and multisystemic syndromes) whose identification has enabled the study of molecules and pathways critical in the regulation of cardiac
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morphogenesis. These include transcriptional regulators such as TBX5, mutated in Holt -Oram syndrome, and NKX2.5 and GATA4, which are mutated in non-syndromic forms of CHD (2 -4) . Further advances have been made through vertebrate model organisms in which the effects of both loss-and gain-of-function mutations can be assessed (5) . These suggest that controllers of left -right axis asymmetry are important in the molecular etiology of CHD (6 -10) .
Oculofaciocardiodental (OFCD) syndrome (syndromic microphthalmia 2/MCOPS2, MIM no. 300166) is a pleiotropic developmental anomaly syndrome with a broad phenotypic spectrum. At birth, patients present with cardiac abnormalities (septal defects) and ocular anomalies (congenital cataracts, microphthalmia and coloboma). In young adulthood, characteristic minor facial anomalies (long and narrow face, broad nasal tip with cartilage separation) and dental problems (delayed dentition, radiculomegaly and oligodontia) become apparent and a clinical diagnosis can be made. All reported patients are female, predicting an X-linked pattern of inheritance with presumed male lethality (11) . OFCD syndrome is caused by mutations in the BCL-6 corepressor (BCOR) gene at chromosomal location Xp11.4. All described OFCDassociated mutations, which include nonsense, frameshifts, splicing and deletions, predict loss-of-function via nonsensemediated mRNA decay (11) . In addition, a single missense mutation (c.254C . T, p.P85L) has been identified in a family with Lenz microphthalmia syndrome, demonstrating that this disorder can be allelic to OFCD syndrome.
BCOR encodes a 1755 amino acid protein which effects transcriptional repression as part of a larger DNA-binding complex. Binding partners include BCL-6 (B-cell lymphoma 6), AF-9 (ALL1 fused gene from chromosome 9) and members of the PcG (Polycomb group) repression complex (12 -14) . The target promoters of the BCOR complex are largely unknown, although it is recruited to BCL-6 target genes such as cyclin D2 and P53 in B lymphocytes (14) . However, as the phenotype of the Bcl-6 knockout mouse is limited to hematological and inflammatory processes (15) , it is probable that BCOR functions with alternative transcription factors at other promoters to regulate gene activity. The mechanism by which BCOR effects repression at target promoters is also unknown. The C-terminus of the protein, which contains three tandem ankyrin repeats, is required for interaction with mediators of histone demethylation and histone ubiquitination (14) , suggesting BCOR operates as a transcriptional repressor via epigenetic mechanisms.
We reviewed cases of OFCD syndrome and identified patients exhibiting defective lateralization including dextrocardia, asplenia and intestinal malrotation, suggesting that BCOR is required in normal laterality determination. To characterize the vertebrate developmental processes requiring BCOR function, we created an animal model of OFCD syndrome using morpholino oligonucleotides (MOs) designed to inhibit translation of the Xenopus tropicalis ortholog of BCOR, xtBcor. When these were injected into X. tropicalis embryos at the one-and two-cell stage, lateral defects of cardiac orientation and intestinal rotation were observed. These effects were limited to left-sided MO injection, defining a left-sided requirement for xtBcor in laterality determination. The effects of xtBcor expression knockdown on possible downstream gene targets were examined and the expression of xtPitx2c was found to be downregulated, providing a possible mechanism for the observed disrupted lateral development (16) .
RESULTS

Patients with OFCD syndrome exhibit defects in laterality specification
Developmental cardiac defects are found in 85% of patients with OFCD syndrome, with .65% having septal defects [(11) and our unpublished data]. However, until now, laterality spectrum defects have not been reported to be associated with OFCD syndrome. We evaluated the clinical findings of patients with OFCD syndrome. We identified two newly diagnosed female patients, as well as a third patient who had previously been reported, all of whom displayed a classical OFCD syndrome phenotype and carried truncating mutations in BCOR. All three patients had additional phenotypic features suggestive of defective lateral patterning, particularly in the observation of dextrocardia in patient 1. Patient 1. The patient was born by normal delivery at full term, birth weight 4270 g (Fig. 1) . Bilateral congenital cataracts with microphthalmia, ptosis and nystagmus were noted. Cataract surgery was performed at 3 months, with subsequent secondary glaucoma developing during childhood. Echocardiogram examination showed dextrocardia, patent ductus arteriosus (PDA), ventricular septal defect (VSD) and mitral incompetence. The PDA and VSD were surgically corrected at 2 years of age.
Dental examination of the patient in young adulthood revealed persistent primary teeth with radiculomegaly and delayed eruption of secondary dentition. Oligodontia was also noted. The patient has distinctive minor facial anomalies with septate cartilage at the nasal tip, a long face and small ears. She has hypoplasia of the left thumb and hammer-type flexion deformity of the toes. Additionally, she developed seizures at 1 year (electroencephalogram results were normal). The patient was found to be a heterozygote for c.1539insG, which predicts p.P514AfsX3.
Patient 2. The proband in the family was born at term, small for gestational age, and found to have a double outlet right ventricle (DORV) with atrial septal defect (ASD) and VSD, bilateral microphthalmia with cataracts, cleft palate and hammer toes. Abdominal ultrasound revealed an asplenia phenotype. She died at 4 years following a febrile illness. The family history revealed that at least six females were affected with OFCD. The other affected women in the family have a spectrum of abnormalities including microphthalmia, cataracts, glaucoma, canine radiculomegaly, retained primary teeth, missing teeth, hammer toes and bifid nasal tip. Addition investigations in several of those affecteds (e.g. echocardiography and abdominal ultrasound) have not identified other defects of situs. The patient was found to be a heterozygote for c.4014delGinsCT, which predicts p.E1339LfsX32.
Patient 3. The phenotype of this patient was previously reported by Hedera and Gorski (17) . The patient had the characteristic ocular and cardiac phenotype of OFCD syndrome, including bilateral congenital cataracts and severe microphthalmia, ASD and PDA. Minor facial anomalies included a long and narrow face and a septate nasal tip cartilage. The patient also had a midline cleft palate. During infancy, the patient was hospitalized because of severe feeding difficulties and failure to thrive. Gastroenterological examination revealed intestinal malrotation (complicated by intermittent volvulus and gastroesophageal reflux), a condition strongly associated with heterotaxy disorders (18) . The patient's mother displayed similar phenotypic features, accompanied by persistent primary teeth, delayed secondary dentition and canine radiculomegaly. Both affected women in this family were found to be heterozygotes for c.4140delAG, which predicts p.T1380TfsX27. This is identical to a mutation that we have previously reported (11) in an unrelated family from the UK.
A X. tropicalis homolog of BCOR Using similarity searches, we identified the putative X. tropicalis ortholog (xtBcor) of the human BCOR gene from the X. tropicalis genome project database. The sequences were conserved, with the same exon number, exon/intron boundaries and identically positioned translation initiation sites. The 0 xtBcor mRNA fragment was used as a template in an in vitro translation reaction using a rabbit reticulocyte lysate kit. The reaction was supplemented with xtBcor MO1 or MO2 as appropriate, at 1 mg of MO per 1 mg mRNA template. Using an anti-FLAG antibody, a product of 16 kDa was detected in the presence of xtBcor mRNA. The appearance of this product was completely inhibited in the presence of either xtBcor MO1 or MO2. A control MO had no inhibitory effect. All experiments were carried out using each MO and are derived from at least three independent experiments.
Xenopus ortholog is 1694 amino acids in length and is 53% identical (68% similar) to BCOR. The BCL-6 binding domain shows 97% similarity, the AF-9 binding site 80% and the ankyrin repeats 91%. We found xtBcor to be expressed throughout embryogenesis ( Fig. 2A) . It is expressed maternally and then continuously throughout embryogenesis and into metamorphosis. Spatial xtBcor expression was analyzed in a panel of cDNAs derived from adult female X. tropicalis and was detected in most tissues, including eye, heart and brain (Fig. 2B ). This correlates with human studies where expression of BCOR was ubiquitous, with particularly high levels in heart structures, ovary, lung, spinal chord and glandular organs (12) . We note that temporal and spatial expression of xtBcor correlates with the specification and development of organ systems affected in OFCD syndrome.
MO knockdown demonstrates a role for xtBcor in laterality determination
Translation-blocking MOs were designed to target the 5 0 -UTR of xtBcor mRNA ( Fig. 2C and D) . Antibodies that recognize both the human and murine orthologs fail to recognize xtBcor (data not shown). Therefore, in order to measure the efficacy of these MOs, specific inhibition of xtBcor mRNA translation was demonstrated in an in vitro transcription/translation assay that generated a FLAG-tagged, 16 kDa N-terminal fragment of xtBcor. In the absence of either MO, translation of this protein fragment was visible by immunoblot analysis. In the presence of either MO, translation was inhibited ( Fig. 2D ), demonstrating that both MOs are effective at blocking translation from the xtBcor mRNA translation initiation codon. All experiments described below were carried out using each MO with reproducible results. Data presented are derived from at least three independent sets with both MOs. Injection of 2 -6 ng xtBcor MO at the one-cell stage did not cause gross embryonic defects in either dorsoventral or anterioposterior development to stage 46, compared with either uninjected or control MO-injected siblings. Head development and movement were normal, and the escape reflex was unimpaired. Tadpoles continued to thrive beyond stage 45.
The most striking abnormalities in MO-injected embryos were defects of heart orientation (forward or reversed), gut origin (left or right) and coiling (clockwise or counterclockwise), and these defects were observed at only background frequency in uninjected, water-injected or control MO-injected embryos (Fig. 3A ). Embryos were scored according to Bran- 3B , E and F). At low doses of xtBcor MO (2 ng), 70% of embryos had normal organ asymmetry, whereas at high doses (8 ng), 70% displayed laterality defects in the absence of other embryonic defects (Fig. 3F) . Gut patterning appeared more susceptible to MO injection, with only lower doses required for the disruption of gut coiling as the sole defect. As MO dose increased, alterations to gut situs were accompanied by reversals in cardiac orientation, with the incidence of cardiac reversal as the sole defect occurring in 5% of embryos injected with 8 ng of MO. However, at this dose, the intestinal phenotype was lethal in the majority of embryos, which displayed poor anterioposterior gut patterning and severe ventral edema (Fig. 3E) . Overall, these observations suggested that xtBcor is required for correct embryonic laterality determination.
Left-sided expression of xtBcor is required for correct laterality determination and cardiac orientation
To further investigate the requirement of xtBcor in laterality determination, we generated unilateral knockdowns by injecting 4 ng of xtBcor MO at the two to four cell transition, where partitioning of the embryo into left and right halves is complete. The injection side was identified using an enhanced green fluorescent protein (EGFP) tracer and embryos were scored for situs defects. Right-sided injections had no effect on laterality determination. Gut and heart laterality defects were recorded in 86% of embryos injected with xtBcor MO on the left side ( Fig. 3C and D ) and the distribution of scoring phenotypes was even across the panel ( Table 1 ), demonstrating that the loss of xtBcor from the left side of the embryo resulted in a randomized and uncoordinated development of heart and gut asymmetry. Strikingly, 50% of embryos injected on the left side had a reversed cardiac orientation, suggesting a stochastic mechanism for asymmetric specification in the absence of xtBcor (Fig. 3F) . More than 90% of human laterality disease is complicated by CHDs, causing significant morbidity and mortality (20) . Cardiac imaging in tadpoles injected on the left side was undertaken in situ by confocal microscopy ( Fig. 3G and H ) (21) . The hearts in tadpoles with a reversed heart orientation showed gross structural integrity of the outflow tract, ventricle and atrium and no septal defects were noted. This is in agreement with Dagle et al. (16) , who found a low incidence of septal defects in completely reversed hearts induced by Pitx2c inhibition. However, defective septa in hearts with more subtle changes in asymmetry (e.g. straightened outflow tracts) were noted. Although we infrequently observed straightened outflow tracts, we did not examine these hearts further.
xtBcor is required for correct ocular development
To confirm that loss of xtBcor in embryonic development recapitulates the phenotype observed in OFCD syndrome Human Molecular Genetics, 2007, Vol. 16 , No. 14patients, we searched for eye defects in stage 45 embryos injected with xtBcor MO at the one-cell stage. In uninjected or control MO-injected embryos, no structural eye defects (e.g. coloboma) and ,1% microphthalmia (defined as one eye ,90% normal eye size) were observed (Fig. 4) ( Table 2) . At 2-4 ng of xtBcor MO, eye development was normal except for a delay in eye specification, as judged by optic placode pigmentation. At an 8 ng dose, frequent eye defects were apparent in injected embryos, with unilateral microphthalmia and colobomata of both posterior and anterior segments being the most common abnormalities (Table 2) . Unilaterally injected embryos allowed a direct comparison of eyes on injected and uninjected sides and gave a more accurate measure of microphthalmia frequency. We only observed eye defects on the side of MO injection (i.e. xtBcor loss) (Fig. 4B -F) . When 4 ng of xtBcor MO was injected unilaterally, the frequency and severity of microphthalmia increased to 66% (left-injected) and 71% (right-injected), with .5% of affected embryos displaying severe microphthalmia on the injected side (Fig. 4E) ( Table 2 ). Colobomas were observed in 3% of all unilaterally injected embryos (Fig. 4C and F) ( Table 2 ). The spectrum of eye defects (microphthalmia and coloboma) observed in MO-injected embryos parallels those observed in OFCD syndrome patients and suggests that there is no left -right bias to the development of ocular defects. 1778 Human Molecular Genetics, 2007, Vol. 16 , No. 14 xtBcor is required for the expression of xtPitx2c at gastrulation and tailbud stages
The generation of asymmetric left and right sides in vertebrates focuses on a conserved inductive signaling network functioning in the left side of the embryo at post-neurula stages. One of the earliest events in this pathway is the expression of nodal, a TGFb-like extracellular signaling molecule. In Xenopus, the nodal ortholog Xnr1 is expressed in the left lateral plate mesoderm at early tailbud stages (stage 18þ). Nodal signaling acts via a receptor complex comprising a type I activin receptor, a type II activin receptor and an epidermal growth factor (EGF)-CFC cofactor. This receptor complex phosphorylates the cytoplasmic signaling molecules Smad2 and Smad3, either of which then interacts with Smad4 to form an 'activated Smad' complex. This complex becomes sequestered to the nucleus and is then recruited to promoters by DNA-binding transcriptional activators. These include the FoxH1 transcription factor that is able to activate Pitx2c expression via an intronic asymmetric enhancer element. Expression of Pitx2c in the left side of the embryo is necessary to affect left-sided morphogenesis (22) . To investigate the mechanism by which xtBcor-mediated repression is required on the left side for cardiac development and on both sides for ocular development, we assessed the effects of xtBcor knockdown on candidate genes involved in left -right asymmetry. RT -PCR analysis of embryos injected with 8 ng xtBcor MO at the one-cell stage showed an alteration of xtPitx2c expression (Fig. 5) . In the absence of xtBcor, xtPitx2c was lost from gastrulation stage embryos (stage 10 -12) and was downregulated in later stages (stage 16 -22) . Expression of Xnr1 was downregulated at stage 12 ( Fig. 5) , but there was no concomitant change in either Lefty or FoxH1 expression levels (data not shown).
DISCUSSION
We have described three patients with a loss-of-function mutation in BCOR, who have the classic features of OFCD syndrome (congenital cataracts, microphthalmia, radiculomegaly and characteristic facial features) and additional clinical manifestations consistent with abnormal laterality determination. Both dextrocardia and asplenia are characteristic of right isomerism, where left-sided structures take on characteristics of right-sided structures (23) . In patient 1, dextrocardia was also accompanied by VSD and mitral incompetence but with normal intracardiac anatomy. Cardiac function has been investigated in patients with OFCD and developmental defects found in over 85%. The most common heart defects are septal defects with over 65% of patients diagnosed with an ASD and 30% having a VSD. Septal defects have also been associated with enlarged or stenosed pulmonary arteries, thickened pulmonary valves, enlarged right ventricle/atrium and floppy mitral valve, whereas a single patient was diagnosed with ASD, VSD, DORV and hypoplasia of the aortic arch. These anomalies, although not specific to laterality disorders, are frequently found in patients with such disorders (24) . Furthermore, as well as displaying characteristic laterality defects and associated CHDs, patients with OFCD syndrome have other defects characteristic of midline defects such as septate cartilage at the nasal tip, cleft or high-arched palate, bifid tongue and bifid uvula.
In order to study the role of BCOR in development, we have used X. tropicalis as a model organism. We identified the Xenopus ortholog of BCOR and showed it has structural conservation at both mRNA and protein levels. We also demonstrated that xtBcor has a similar broad spatio-temporal expression to BCOR. As OFCD syndrome is presumed to result from reduced or absent expression of BCOR, we then created an animal model of the condition using X. tropicalis MOs designed to inhibit the translation of xtBcor.
We injected MOs at the one-and two-cell stage and demonstrated effects upon cardiac orientation and intestinal rotation. As these effects were limited to left-sided MO injection, we have defined a left-sided requirement for xtBcor in laterality determination. The most significant cardiac finding was a randomization of cardiac orientation in embryos subjected to injection of xtBcor MO on the left side. Importantly, the eye phenotypes we observed, including microphthalmia and coloboma, confirm the fidelity of our animal model to the human condition. There was no lateral bias of eye phenotype, suggesting that the requirement for xtBcor in ocular specification is developmentally uncoupled from the requirement in the left side of the embryo for correct lateral determination. Figure 5 . xtBcor is required for xtPitx2c expression. At gastrulation stages, expression of xtPitx2c was found to be significantly downregulated in the absence of xtBcor, whereas there is less effect on xtXnr1. xtPitx2c expression at this stage is required for correct endoderm specification (28) . At tailbud stages, expression of xtPitx2c was decreased in the presence of the xtBcor MO. The effect on xtXnr1 was less pronounced. Alterations to xtPitx2c at this stage of development, either to the spatiotemporal pattern or absolute mRNA levels, would be predicted to affect lateral development and the concomitant cardiac development.
Vertebrate laterality signaling, midline integrity and cardiac development are complex and linked developmental processes that involve at least 80 genes (25) . These genes, or their encoded proteins, have either asymmetrical expression patterns or a differential function on the left and right sides of the embryo. In either case, the functional requirement for a molecule on the correct side of the embryo can be tested by generating unilateral overexpression or knockout embryos. For example, injection of xtPitx2c mRNA into the dorsal right blastomeres of developing embryos causes situs disturbances including heart and gut defects (26) . Localization data for BCOR suggested that expression is ubiquitous with no left -right bias (12) . However, as evidenced by our unilateral knockout in Xenopus, left-sided expression of xtBcor is necessary for laterality determination. Right-sided xtBcor is not required for correct left -right specification, but is required for normal oculogenesis. Thus, xtBcor, although involved in left -right signaling, has alternative roles in embryonic development.
We have examined the effects of xtBcor expression knockdown on possible downstream gene targets. We have shown that Xenopus embryos lacking xtBcor fail to express xtPitx2c at gastrula stages and downregulate xtPitx2c at tailbud stages, suggesting that xtBcor is an upstream regulator of xtPitx2c. In Xenopus, xtPitx2c is required throughout cardiac development to direct left-sided cardiac morphogenesis, and its expression is dependent on multiple upstream members of the left -right signaling cascade (16, 19, 22, 27) . We propose that downregulation of xtPitx2c in the left lateral plate mesoderm at tailbud stages would lead to bilateral right-sidedness and explains the right isomeric characteristics observed in OFCD syndrome. The high frequency of CHDs in OFCD syndrome patients may also derive from changes to PITX2C expression. Alterations in left-sided xtPitx2c expression induced by constitutively active Alk4 do not always cause heterotaxy in Xenopus, but do cause widespread disruption to cardiac lineage identity (27) . This demonstrates that isolated heart defects may result from subtle alterations of PITX2C expression and underline an etiological link between left -right patterning and cardiac defects.
A lack of zygotic xtPitx2c expression probably accounts for the severe endodermal defects observed in embryos injected with a high dose of MO (28) . We observed that correct gut rotation was susceptible to lower doses of xtBcor MO, whereas cardiac morphology was unaffected until higher doses of MO were applied, suggesting that xtPitx2c expression levels have different organ-specific effects. This correlates with data from a mouse Pitx2c allelic series (29) . The mechanism by which left-sided expression of xtBcor is required for xtPitx2c expression is unknown, but as xtBcor is predicted to function as a transcriptional repressor, the loss of xtPitx2c expression is presumed to be mediated by at least one intermediate. This will be the focus of future studies.
PITX2 is a bicoid-type homeodomain containing transcription factor. The gene produces three protein isoforms (PITX2A, B and C) because of a combination of different promoters and alternative splicing. The PITX2A/B isoforms carry a common N-terminus that is different from that of PITX2C and are required in mammals for the correct development of the major systems affected in OFCD syndrome. Its role in eye and dental development is evidenced by the PITX2 mutations associated with Axenfeld -Rieger syndrome in which patients have abnormal ocular anterior segment mesenchymal development, dental hypoplasia and umbilical abnormalities (30, 31) . We hypothesize that the phenotype observed in OFCD syndrome is caused by a loss of BCOR function and, as BCOR may be required for the expression of PITX2A/B as well as that of PITX2C, concomitant deregulation of PITX2 gene expression.
The left -right signaling pathway has been studied in humans, and pathological mutations have been described in several genes involved in non-ciliary signaling. These include ZIC3 (10), LEFTY A (6), CFC1 (7) and ACVR2B (8) . In all cases, there is a wide range of phenotypic variability. For example, in five unrelated patients with a common ancestral mutation in CFC1 (p.R75W), laterality phenotypes varied from complex CHDs with visceral heterotaxy to isolated VSD with cyclopia and other midline defects. In three patients with p.G174delfsx55 CFC1 mutation, one displayed right isomerism, second left isomerism and third had isolated CHD (VSD, DORV and aortic arch hypoplasia), but no further manifestations of heterotaxy (32) . In each study, the spectrum of phenotypes observed in human patients included classic laterality defects, midline defects and CHDs, with no apparent genotype -phenotype correlation. These data are mirrored by our own findings.
Population studies estimate the prevalence of laterality defects at 1-1.5 in 10 000 live births, with a 2:1 male predominance (33) . ZIC3 is the only X chromosome gene known to be mutated in human heterotaxy disorders and has been shown to account for the majority of X-linked familial human heterotaxy phenotypes (it is likely to be responsible for 1% of affected individuals) as well as a small number of sporadic CHD cases. Importantly, mutations within the ZIC3 coding sequence did not underlie the male predominance (34) . This raises the possibility that altered expression of other X-linked genes, such as BCOR, may contribute to human laterality disorders.
We conclude that defects of laterality determination are part of the phenotypic spectrum in OFCD syndrome and that the overlap of the present findings in Xenopus with those in human OFCD syndrome patients demonstrates that BCOR is a regulator of vertebrate laterality. In addition to laterality defects, OFCD syndrome patients also display CHDs and classic midline defects (cleft palate), both of which can be etiologically linked to defective laterality determination. The OFCD syndrome should therefore be included in the group of genetic disorders associated with altered left -right patterning.
MATERIALS AND METHODS
Patient sequencing
The BCOR gene was amplified and sequenced as described previously (11) . The human subjects research described here was reviewed and approved by Ethics Committees at the National Institutes of Health and at St Mary's Hospital.
Embryo culture and injection
X. tropicalis embryos were obtained by standard methods (35) . Untreated embryos were cultured in standard conditions and staged according to Nieuwkkop and Faber (36) . MO injections were performed using a Picospritzer III microinjector (Intracel) to inject 1 nl volumes. Injections were performed at the one-cell stage or into one blastomere at the two to four cell transition as indicated in the text. Where required, 16 pg EGFP plasmid was co-injected with the MO and the injection side identified using the appropriate fluorescent filter. During injection and for subsequent incubation, embryos were maintained in 0.1 Â MMR/3% Ficoll at 228C. Prior to gastrulation, embryos were removed to 0.05 Â MMR/1 Â gentamicin at 228C. At stage 17, embryos were removed to 0.05 Â MMR at 228C for the remainder of culture.
Heart and intestinal development were scored at stage 46. Laterality scoring was carried out using the system proposed by Branford et al. (19) .
Morpholino oligonucleotides
Two non-overlapping MOs were designed against the 5 0 -UTR of xtBcor around the start codon following the manufacturer's guidelines (Gene Tools LLC). The sequences were xtBcor ATG1 5 0 aag cat ttt ctc tcc tta cgc ggc t 3 0 and xtBcor ATG2 5 0 gcc tcc ccc ttc tta taa atc tgt c 3 0 . The standard Gene Tools control MO was used. All MOs were resuspended in DEPC-treated dH 2 O to a stock concentration of 10 ng nl 21 . All experiments were repeated with both MOs.
RT -PCR analysis of gene expression
Total RNA was extracted from pools of five embryos (or up to 50 mg of tissue) using Trizol reagent (Invitrogen) and resuspended in DEPC-treated dH 2 O. RNA (1 mg) was reversetranscribed using MMLV reverse transcriptase (Bioline) in 20 ml reactions. PCR amplifications were carried out using the following primer oligonucleotides (Invitrogen): xtGapdh f 5 0 gcc gtg tat gtg gtg gaa tct 3 0 ; xtGapdh r 5 0 aag ttg tcg ttg atg acc ttt gc 3 0 ; xtBcor f 5 0 agg gcc tca tat tgc atc ag 3 0 ; xtBcor r 5 0 ccc ttg gtt gtt tgc tgt tt 3 0 ; xtPitx2c f 5 0 ttg ttg tac gag taa ctg ggg tac 3 0 ; xtPitx2c r 5 0 gct ctg ggg agt gta agt caa g 3 0 . PCR reactions comprised 1Â Custom Reddymix (ABgene), 1 ml cDNA reaction and 2.5 mM each primer and carried out on a DNA Engine (MJ Research) using the following cycling conditions: 948C for 5 min and then (948C for 30 s; Y8C for 30 s; 728C for 30 s) for Z cycles with a final extension at 728C for 10 min (xtGapdh: annealing at 458C, 36 cycles; xtBcor: annealing at 548C, 38 cycles; xtPitx2c: annealing at 458C, 38 cycles).
In vitro transcription/translation of 5 0 xtBcor fragment PCR amplification of a 5 0 fragment of xtBcor cDNA was achieved using the following primer oligonucleotides (Invitrogen): xtBcor 5 0 mRNA f 5 0 taa tac gac tca cta ta g* ggg gac aga ttt ata aga agg 3 0 (T7 promoter sequence, start of transcription*) and xtBcor 5 0 mRNA r 5 0 tca* ctt gtc gtc gtc atc ctt gta gtc ttt cat aga cat gtg aga att 3 0 (stop codon*, FLAG tag). cDNA derived from stage 20 wild-type embryo RNA was used as a template. PCR reactions were carried out using 1Â Custom Reddymix (ABgene), 1 ml cDNA reaction and 2.5 mM each primer, using the following cycling conditions: 948C for 5 min then (948C for 30 s; 558C for 30 s and 728C for 30 s) for 35 cycles with a final extension at 728C for 10 min. PCR products were purified by gel extraction (Qiagen Qiaquick kit) and sequenced.
xtBcor mRNA was generated from 1 mg PCR template using a T7 mMessage mMachine kit (Ambion), according to manufacturer's instructions, except reactions were incubated for 16 h. The reaction was stopped and transcripts isolated using the recommended ammonium acetate/phenol -chloroform method. One microgram mRNA template was added to an in vitro translation reaction, carried out using a rabbit reticulocyte lysate kit (Promega) according to the manufacturer's instructions. Translation reactions were supplemented with 1 mg xtBcor ATG1 or xtBcor ATG2 MO as appropriate. Translation products were separated by 15% SDS -PAGE and detected by immunoblot using a mouse anti-FLAG M2 primary antibody (Sigma) and visualized using ECL reagent (Amersham). Immunoblot was performed by standard methods, using a BioRad semi-dry blotter.
Confocal microscopy of X. tropicalis hearts X. tropicalis hearts were imaged in situ exactly as described by Kolker et al. (21) . The mouse anti-bovine cardiac troponin T antibody (CT3) was developed by Jim Jung-Ching Lin and was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by the University of Iowa.
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